Membrane phospholipid synthesis was inhibited in Caulobacter crescentus by growth of a glycerol auxotroph in the absence of glycerol or by treatment with the antibiotic cerulenin. It was observed that the final step in the swarmer cellto-stalked cell transition, stalk elongation, was inhibited under these conditions. Since an early effect of inhibiting phospholipid synthesis in C. crescentus is the termination of deoxyribonucleic acid (DNA) replication (I.
The fornation of a stalk at the Caulobacter crescentus cell pole represents one of several subcellular differentiation events that occur at specific stages of each cell cycle. The swarmer cell, which has a single polar flagellum, becomes a stalked cell in a series of steps which include the release of the flagellum, the initiation of a stalk structure at the cell pole which carried the flagellum, and the elongation of the stalk (Fig.  1) . To determine the role of membrane synthesis in the swarmer cell-to-stalked cell transition, we blocked membrane phospholipid synthesis either by mutation or by treatment with specific inhibitors (3, 4) . It was observed that stalk elongation was inhibited ifphospholipid biosynthesis was terminated either by glycerol starvation of a glycerol auxotroph or by treatment of mutant or wild-type cultures with cerulenin (3) . However, the release of the flagellum and stalk initiation was able to occur in the absence of phospholipid synthesis. An early effect of inhibiting phospholipid synthesis in C. crescentus is the termination of DNA replication (3) . Both flagellum biosynthesis and cell division have been shown to be dependent on DNA replication (7, 18, 19) , and both of these events are blocked upon inhibition of phospholipid synthesis (3) . It is therefore likely that the inhibition of these events upon a block in phospholipid biosynthesis is due to the secondary effect on DNA synthesis (2) . To determine whether the observed inhibition of stalk elongation in cultures blocked in phospholipid synthesis is due directly to the inability to synthesize membrane or to the inability to initiate DNA replication, we analyzed mutations and inhibitors which block each of these events. In this report we demonstrate that stalk elongation in C. crescentus is independent of the initiation of DNA synthesis, but is dependent on membrane phospholipid synthesis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in this study are listed in Table 1 (14, 15) as previously described (3, 16 RESULTS It was previously demonstrated that events in the swarmer cell-to-stalked cell transition which are able to occur in the absence of phospholipid synthesis include the release of the flagellum and the initiation of stalk formation. However, when phospholipid synthesis was inhibited by growth of a glycerol auxotroph, AE5168, in the absence of glycerol (3, 4) , the next step in the swarmer cell-to-stalked cell transition, stalk elongation, was blocked. Electron micrographs of cultures of AE5168 grown in the presence or absence of glycerol show that a significant proportion of the total cell population grown in the absence of glycerol is small cells with very short A aberrant stalks. We have reported that the group of cells blocked after stalk initiation represents 25% of the total population (3). When swarmer cells were obtained from cultures of AE5168 grown in the presence of glycerol and then incubated in the absence of glycerol, the elongation of the stalk was blocked. Similarly, when phospholipid synthesis was blocked by treatment of swarmer cells with cerulenin, stalk elongation did not occur, although beginning stalk structures could be seen at the cell pole (Fig.  2D) . In the presence of cerulenin, which inhibits phospholipid synthesis by blocking fatty acid synthesis (5, 10) , cultures of C. crescentus CB13 or AE5168 retain viability for the equivalent of one generation (4) . In the experiment shown in Table 2 , cultures could be rescued after treatment with cerulenin by washing pelleted cells.
When the phospholipid synthesis was inhibited by growth of AE5168 in the absence of glycerol or by growth of either AE5168 or CB13 in the presence of the antibiotic cerulenin, then the rate of DNA synthesis was sharply reduced ( (Table 2) , phospholipid synthesis clearly continued, although the rate was diminished in both strains.
Because conditions were defined which permitted phospholipid synthesis to proceed in the absence of DNA synthesis, the question of whether stalk elongation was dependent on phospholipid synthesis or DNA synthesis could be approached. Accordingly, swarmer cells were isolated from cultures of the temperature-sensitive mutant PC1042 grown at 300C. The culture was divided, and aliquots were grown at 30 and 370C. Electron microscopic observation showed -that stalk elongation proceeded normally in both cultures. Since DNA synthesis was blocked in cultures grown at 370C, it can be concluded that the initiation of DNA replication is not required for stalk elongation. This conclusion was supported by the observation that swarmer cell cultures of C. crescentus in which DNA synthesis was inhibited by hydroxyurea were able to carry out the stalk elongation process (Fig. 20) . 'Stalk elongation in the differentiating swarmer cells was detected by electron microscopy (Fig. 2) .
d Cultures of strain AE5168 or CB13 were incubated with either hydroxyurea (4 mg/ml) or cerulenin (100 ,ug/ml) for 0.75 division unit. The rates of both DNA and phospholipid synthesis were measured in each culture as described in the text.
eStrain AE5168 was grown in the presence of 1 mM glycerol.
f A culture of strain PC1042 grown at the permissive temperature (30°C) was divided into two portions: one was grown at 300C, and the other was grown at the restrictive temperature (370C). At the equivalent of 0.75 division unit, the rates of both DNA and phospholipid synthesis were measured in each culture as described in the text.
These results corroborate previous observations that stalk formation occurs when several different temperature-sensitive DNA mutants are grown at the restrictive temperature. (19) . With respect to membrane synthesis on the other hand, swarmer cell cultures in which phospholipid synthesis was inhibited by treatment with cerulenin (Fig. 2D) or by growth of AE5168 in the absence of glycerol were unable to carry out stalk elongation. Stalk elongation during the swarmer cell-to-stalked cell transition in C. crescentus is therefore dependent on membrane phospholipid synthesis. Since we have not been able to obtain conditions which block phospholipid synthesis while permitting DNA synthesis, we cannot rule out a requirement for concomitant DNA and phospholipid synthesis. 
DISCUSSION
The Caulobacter stalk is genetically programmed to be synthesized at a specific site on the cell. It has been reported that a step in cell division, independent of the replication of the DNA, is required for stalk formation in the next cell cycle (11, 24) . Stalk formation is initiated at the cell pole immediately after the release of the flagellum, which transiently occupies the same site at the cell pole. The cytoplasmic membrane, the peptidoglycan layer, and outer membrane of the cell body grow to form the new stalk structure (20) . Fine structure analysis has shown that the stalk has a form of cytoskeleton in the annular rings (crossbands) that periodically transect it. These crossbands appear to be composed, at least in part, by peptidoglycan (21) . New crossbands are apparently formed in existing stalks (22) , an event that suggests that the stalk is not a static structure, but continues to grow and differentiate during the life of the cell. A recent report states that a clear correlation does not exist between cell division and crossband formation (23) ; therefore it is difficult to assess whether crossband formation is a regulated process.
The formation of the stalk requires the synthesis of membrane and cell wall as well as some sort of mechanism which regulates the site of new stalk assembly. The basal ring components of the flagella basal body complex, which anchor the flagella in the membrane and wall of the cell, are apparently not released along with the rod, hook, and filament components of the flagellum as the swarmer cell-to-stalked cell transition occurs (13) . These polar ring structures, which are intimately related to the various envelope components at the cell pole, may, in fact, participate in guiding the site-specific assembly of the stalk structure. Another candidate for the mechanism involved in localized stalk formation is the unusual intracytoplasmic membranous structure which has been reported at the base of the stalk (1, 20) . This fragile membranous structure, unique among procaryotes, may function as a localized factory for the site-specific synthesis and formation of the stalk structure. The fact that C. crescentus requires continued membrane phospholipid synthesis for stalk elongation is not surprising in the context that a growing surface appendage increases membrane surface area by a large extent. Of particular interest, however, is that this new synthesis is occurring at a sequestered site on the cell. Perhaps the requirement for phospholipid synthesis is directly related to the synthesis of the polar membrane that is formed and maintained at the base of the stalk. This membranous structure may be essential as an organizer organelle which dictates site-specific wall and membrane synthesis for stalk elongation and crossband assembly.
